Abstract -This study introduces a wireless power transfer (WPT) Level-3 rated charger with >11 kW nominal output. The proposed system is interoperable for WPT Level-1, 2, and 3 charger applications of which power levels and airgap separations are defined in SAE J2954. The system designed for this study is capable of operating at Z1 (100-150 mm), Z2 (140-210 mm) and Z3 (170-250 mm) vehicle assembly ground clearance range classes with a very compact vehicle-side (secondary) coupler. The couplers are characterized for the maximum output power (Pout) and the coupling coefficient (k) with different airgaps. System frequency response and the sensitivity analysis are presented. Experimental results are shown for 190.5 mm and 216 mm airgap separations. These results demonstrate that the proposed system with a very compact secondary can be operated at these ground clearance classes with high efficiency at WPT level-3 charging levels.
I. INTRODUCTION
Wireless charging systems are one of the key enabling technologies for widespread adoption of electric vehicles (EV) with inherent safety, user convenience, flexibility, and comparable efficiencies with that of the plug-in chargers [1] - [4] . High-efficiency, flexibility, not requiring thermal management on wires, misalignment tolerance, compactness, and cost effectiveness are the fundamental expectations for WPT systems used for EV charging applications. Furthermore, a light-weight and small vehicle-side assembly is expected due to the limited volume on the vehicle. A compact vehicle-side unit would also not constrain the vehicle energy efficiency with heavy add-on components. It is also critical to reach desired coupling between the primary and secondary couplers in order to achieve high efficiency, reasonable primary coupler current, misalignment tolerance, and also to reduce the electric and electromagnetic fringe fields in and around the vehicle below the limits in the international guidelines [5] .
In the Technical Information Report for "Wireless Power Transfer for Light-Duty Plug-in/Electric Vehicles" by SAE J2954, charging levels are classified by the maximum input power levels, with up to 3.7 kVA for WPT1, 7.7 kVA for WPT2, 11.1 kVA for WPT3, and 22kVA for WPT4 charging level classes. Most of the WPT developments up to date have been in 3.3 kW [6] - [8] or less (1 kW) [9] for EV charging applications with a few developments at 5kW [10] , 6.6 kW [11] , [12] or 7 kW levels [13] , [14] corresponding to WPT1 and WPT2 charging levels. Some examples at higher power levels include a 10 kW design as in Ref. [15] ; however, operating at MHz level frequencies, this development obviously would not comply with the EV charging standards that are being developed. Moreover, some other WPT3 level chargers had secondary couplers that are as big as the primary couplers (31''×31'') which would not be very ideal for smaller EVs due to the additional area needed and weight added to the vehicle [2] .
In this study, a WPT3 level, 11-kW (at 8.5 inches) wireless charging coupling coils with primary side LCC and secondary series resonant tuning network are designed, modeled, and experimentally verified. System description and design details along with the coupler characteristics including the coupling coefficient and mutual inductance are presented. System impedance, impedance phase angle, primary coil current, voltage and current gain, and output power sensitivity to load, coupling factor, and frequency variations are analyzed. Experimental results and efficiency of the proposed compact coupler, operating at 85 kHz, are also presented at 7.5-and 8.5-inch airgap separations.
II. MODELING AND ANALYSIS OF THE PRIMARY-SIDE LCC
AND SECONDARY-SIDE SERIES TUNED WPT SYSTEM Figure 1 shows the power stage of primary-side LCC and secondary-side series tuned WPT system. A dc source Vdc is connected to a high-frequency (HF) inverter via the dc link capacitor Cdc. The primary-side LCC tuning network consists of inductance L11, capacitors C11, and C12, and primary coil inductance LP. The secondary-side series network consists of capacitor C21 and secondary coil inductance LS. The primary and secondary coils are linked with the coupling coefficient k.
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network. Higher order harmonics are not considered in this analysis. WPT coils with primary and secondary coil inductances LP and LS and a coupling coefficient of k can be modeled as a loosely coupled transformer with magnetizing inductance , leakage inductances of the primary coil 1 , secondary coil 1 / , and an ideal transformer with turns ratio [16] .
In general, the HF rectifier represents a non-linear load. However, since the secondary resonant network has a highquality factor ( 2.5), it can be assumed that most of the power transfer occurs at the fundamental frequency component [17] . Consequently, the load resistance at the output of the secondary side tuning network can be given by [18] :
where / is the equivalent load resistance of the EV battery. Figure 2 shows the linear circuit of primary-side LCC and secondary-side series tuned WPT system with the WPT coils replaced by a loosely coupled transformer model, the source Vin representing the fundamental component of the inverter output voltage, and the resistance RL is the linear load resistance given by (1). For the equivalent circuit model shown in Fig. 2 , following impedance equations can be written as:
The resistances rLp, rC12, rC21, and rLS are the internal resistances (ESRs) of the respective passive elements. The ESRs are not shown in Fig. 2 . Using the impedance equations (2)-(6), the input impedance seen by the inverter is given by:
The output current of the inverter is the input current of the primary-side LCC network and is given by . The primary coil current Ipri, and secondary coil current Isec, are given as follows:
The secondary coil current will be equal to the load current . The output voltage and power can be calculated as and , respectively. The secondary coil voltage is the sum of the voltages appearing across the magnetizing inductance and the secondary leakage inductance LLS given by:
The system model equations (1) to (10) are used to analyze the system characteristics in Section IV.
III. SYSTEM DESCRIPTION
As shown in Fig. 1 , the proposed system consists of a highfrequency inverter, LCC-series tuned resonant stage, and a secondary side rectifier and DC capacitive filter. The highfrequency (HF) inverter shown in Fig. 1 can be supplied by a front-end rectifier or a dc power supply. For the experimental WPT inverter, 1200V/325A CAS325M12HM2 SiC MOSFET phase-leg power modules from Wolfspeed/CREE are used in an H-bridge arrangement with CGD15HB62LP gate drivers as shown in Fig. 3 (a). Using SiC MOSFET power modules ensures the efficient operation at 85 kHz center operating frequency that complies with the SAE J2954 Recommended Practice. The control system of the inverter is implemented within a TMS320F28335PGFA DSP module from Texas Instruments with a CAN link to adjust the operating parameters during the operation. The vehicle side rectifier uses 600V/100A APT2X101DQ60J ultrafast soft-recovery phase-leg rectifier modules in a dual die isotope package for high-efficiency rectification at 85 kHz fundamental frequency. Vehicle-side assembly includes the series resonant tuning capacitor, filter capacitor, and an output inductor for reduced battery charge current to the vehicle battery. The vehicle assembly enclosure with these components are shown in Fig. 3 The design and fabrication of the coupling coils depend on many factors such as the power transfer level, misalignment tolerance, switching frequency, and the power transfer distance. An optimized DD coil was designed to operate at the SAE J2954 wireless power transfer (WPT) level 3, which corresponds to 11-22 kVA from the input at the Z height classification of , , and . The coil was optimized by concurrent finite element analysis (FEA) simulations and circuit analysis of the WPT system based on a loosely coupled transformer model. Detailed circuit simulations were carried out on the Saber platform for the coil parameters corresponding to a coil-to-coil distance of 8.5 and 7.5 inches, and the simulation results indicated feasibility. Figure 4 shows the FEA model and the prototype of the optimized DD coil. COMSOL FEA software was used to simulate and design the optimized DD coils. The prototype primary consists of 4 turns of bifilar 6 AWG Litz wire and secondary consists of eight turns of 6 AWG Litz wire. Ferroxcube 3C95 ferrite tiles with 5 mm thickness with a maximum magnetic field intensity of 410 mT at 100°C were used on both couplers. Table I shows the primary and secondary-side inductances and the FEA simulation and measurement results of the coupling coefficient, k. Figure 5 shows the FEA coupler model obtained from COMSOL where B-field limit drops from 38.2 µT to 21.2 µT peak. Here, the cube dimensions are 1.5m × 1.5m × 0.7m corresponding to the boundaries defined in SAE J2954 for the EMF limits. On the resonant tank, this study features a primary LCC and secondary series tuned resonant system [20] . The advantage of primary side LCC compensation is that the current on the tuning inductor L11 is in phase with the inverter output voltage Vinv and its amplitude is proportional to this voltage. The primary coil current is constant at resonance for a given inverter output voltage and this current is load and coupling coefficient (misalignment or airgap variations) independent. Compared to LCL tuning networks, LCC tuning does not require a HF transformer to drive the primary side tuning network. LCC tuning also results in higher efficiency operation due to: 1) reduced reactive power processed by the HF inverter; and 2) load and 'k' independent ZVS operation. The series tuning on the vehicle side ensures simplicity and size effectiveness while making the reflected load on the primary coil purely resistive that results in reduced reactive power output from the HF inverter. Resonant stage component parameters are listed in Table II . 
One of the key challenges in a WPT system with a small vehicle coil is to determine the effects of variation in the coupling coefficient and load power on the various parameters of the wireless charging system. A loosely coupled transformer model was used to derive circuit models to analyze the sensitivity to variation of load and k at different operating frequencies. Figure 2 shows the loosely coupled transformer model-based circuit model that is used to perform sensitivity analyses. In the circuit model shown in Fig. 2 , is the fundamental component of the inverter output voltage and is the load resistance equivalent to the output power being transferred to the battery. ,
, and are the magnetizing, primary leakage, and secondary leakage inductances, respectively. For the wireless EV charging system, the circuit component voltages and currents can be obtained by performing linear circuit analysis. In (11), variation in coupling coefficient k can occur because of misalignment due to parking inconsistency, changes in ground clearance due to variation in tire pressure, or primary or secondary side installation imperfections (not straight). Variation in quality factor Q2 occurs due to a change in the load. To meet the required output power Pout despite changes in k and Q2, the primary coil current Ipri and/or the coupling frequency ω needs to be changed. Frequency ω and input voltage Vinv, which control the primary coil current Ipri, can be considered system inputs that are varied to regulate power output against variation in k and Q2 . To envisage a control mechanism for the WPT system, it is imperative to analyze the sensitivity of Pout of the WPT system to variation in k, ω, RL, and V1.
From Fig. 6 (a) and (c), it can be observed that the input impedance increases and the input current decreases as load resistance increases. This is because as the load resistance increases, the power transferred to the load decreases. While the magnitude of the impedance varies by the load, the phase angle of the impedance seen by the inverter is ~0 degrees at the resonant frequency, regardless of the load, indicating unity power factor at the inverter output as shown in Fig. 6 (b) . This is also true for the phase-angle of the inverter output current as seen on Fig. 6 (d) . Figure 7 shows that the primary coil current is constant and is independent of the load, and it remains almost flat around the resonant frequency. This is a positive feature, as any drift in the operating frequency will not affect the primary coil current. From Fig. 6 (b) and (d) , it can be noted that the phase angles of the input impedance and the input current, respectively, are independent of the load and have almost a zero-phase angle or unity power factor. There is a small phase angle by design to achieve zero voltage switching, which reduces the switching losses. It can also be observed that the phase angle does not cross zero in the immediate vicinity of the resonant frequency. This suggests that there is no concern of bifurcation (instability) around the resonant point. From Fig. 7 (c) , it can be observed that voltage gain is constant at the resonant frequency and independent of the load resistor value. This is because a seriestuned secondary acts as a load-independent voltage source. The voltage gain is also noted to be flat around the resonant point, implying that any drift in resonant point will not lead to overvoltage conditions. From Fig. 7 (d) , it can be inferred that as the load resistance increases, the output power decreases. This is because the output voltage is constant; as the resistance increases, the load current decreases, thereby reducing the output power. This can also be inferred from Fig. 7 (b) , which shows that the current gain or the output current decreases as load resistance increases. Any drift in the operation frequency from the resonant frequency will lead to reduced output current, and the duty cycle of the inverter may have to be increased to compensate for it.
From Fig. 8 (a) and (c) it can be observed that the input impedance increases and the input current decreases as the coupling coefficient decreases. This is because as the coupling coefficient decreases, the power transferred to the load decreases. From Fig. 8 (b) and (d) , it can be noted that the phase angles of the input impedance and the input current, respectively, are independent of the coupling coefficient and have almost a zero-phase angle or unity power factor. There is a small phase angle by design to achieve zero voltage switching, which reduces the switching losses. From Fig. 8 (b) and (d) , it can be observed that the phase angle does not cross zero in the immediate vicinity of the resonant frequency. This confirms that there is no concern of bifurcation (instability) around the resonant point. Figure 9 (a) shows that the primary coil current is constant independent of the coupling coefficient, and it remains almost flat around the resonant frequency. This is a positive feature, as any drift in the operating frequency will not affect the primary coil current, or the primary coil current is insensitive around the vicinity of the resonant frequency. From Fig. 9 (c) , it can be observed that voltage gain increases as the coupling coefficient increases. Although the series-tuned secondary acts as a loadindependent voltage source, an increase in the coupling coefficient will lead to a higher output voltage as the mutual inductance increases for a higher value of k. Note also that the output voltage is almost constant around the resonant frequency, especially for lower values of the coupling coefficient. From Fig. 9 (d) , it can be inferred that as the coupling coefficient increases, the output power increases. This is because as the output voltage increases for a given load resistance, the load current increases, thereby increasing the output power. This can also be inferred from Figure 9 (b), which shows that the current gain or the output current increases as the coupling coefficient increases. Any drift in the operation frequency from the resonant frequency will lead to reduced output current, and the duty cycle of the inverter may have to be increased to compensate for it. It can also be noted that for 0.15 , the ouput power 12.9 kW; 0.15 corresponds to the coupling coefficient at a coil-to-coil distance of 7.5 inches or 190.5 mm. 
IV. EXPERIMENTAL RESULTS
A test setup was built in authors' laboratory for experimental verifications and demonstrating the operation of the proposed system with a very compact secondary coupler. The system shown in Fig. 1 was built using a high-frequency power inverter, primary and secondary magnetic coupling coils and their resonant tuning components, secondary side rectifier and filter, and a battery emulator as shown in Fig. 10 . Authors first validated the resonant network analysis using a Venable 7440 Frequency Response Analyzer (FRA). The coils and the resonant network were connected to an equivalent resistive load to obtain the characteristic behavior of the system impedance magnitude and the phase angle at 165 mm airgap (6.5 inches). MATLAB model results for impedance variation are shown in Fig. 11 (a) whereas Fig. 11 (b) shows the actual measured values from FRA. In Fig. 12 (a) , the phase-angle of the system input impedance is presented using the circuit model and Fig. 12 (b) demonstrates the measurement of the impedance phase angle from the FRA. According to Figs. 11 and 12 , it is seen that the system model represents the actual system very closely and the model behavior is accurate and validated through the experimental characterization. Around resonant frequency, the phase angle of the impedance is near zero which verifies the near unity power factor at the inverter output. Next, the proposed system was tested at 7.5 inches airgap with up to 13 kW output load power. In this test, the inverter was driven with 491.88V which can be seen at the output of a 3-phase 240V AC system with boost PFC rectification. The load voltage was 378.23 V which can be the voltage value of a typical mid-size sedan electric vehicle battery while it is being charged. Figure 13 shows the voltage (V), current (I), active power (P), reactive power (Q), apparent power (S), phase angle (λ), and power factor (ϕ) for all the power conversion stages where Element-1 indicates inverter input, Element-2 indicates inverter output (input to the primary resonant tuning circuitry), Element-3 indicates primary coupler, Element-4 indicates secondary coupler (rectifier input), and Element-6 indicates secondary side rectifier and filter output (to the battery emulator terminals). As shown in this figure, input power is 14.28 kW for 13 kW load power which corresponds to ~91.04% dc-to-dc efficiency (inverter input to the battery terminals) including the efficiency of the inverter, resonant tuning circuitry components, primary and secondary couplers, and the secondary side rectifier and filter. The efficiency of these power conversion stages are 97.72%, 96.81%, 96.99%, and 99.21%, respectively. Figure 14 shows the inverter output voltage, primary coil current, rectifier input voltage, and rectifier input current waveforms recorded at 13 kW load power.
The proposed system was also tested at 8.5 inches of airgap with 11 kW load power to investigate the performance and analyze the characteristics for vehicles with larger ground clearances and this airgap would fall under the Z3 gap classification in the SAE J2954 Surface Vehicle Information Report. Power analyzer test results are provided in Fig. 15 for the 8.5 inches of larger airgap operation for 11 kW output power. As shown in Fig. 15 , in order to have 11 kW output power, the input voltage should be 568.68V which is higher than the 7.5-inch airgap tests required. At 8.5-inches airgap, voltage applied to the resonant tank should be higher which increases the voltage stress on the components and some of the losses. This results a slight reduction in inverter's efficiency and about 1% additional reduction in the efficiency of the primary-side resonant tuning circuitry and about 1.5% reduction in coil-to-coil efficiency which is expected. This is in part due to the ~10A increase in primary coil current and in part due to the increased fringe/stray field levels at a higher airgap. However, the dc/dc efficiency is about 88.47% and even with a front-end rectifier, the overall end-to-end efficiency can be higher than 85% as recommended in the J2954. The efficiency comparisons for 7.5-and 8.5-inch airgap operations are provided in Fig. 16 . According to this figure, system efficiency is around 91% at 7.5-inch airgap while it reduces to about 88.5% at 8.5-inch airgap.
V. CONCLUSIONS This study proposes a WPT level-3 (>11 kVA at the input) wireless charging system that can operate at all three airgap classes covered in the SAE J2954 Surface Vehicle Information Report. The proposed system's secondary-side (vehicle-side) coupler is very compact with only 7.2 kg of weight and 381 × 482 mm dimensions which results in 1.81 kW / kg specific power and 70.79 kW/m 2 surface power density. The sensitivity analysis showed the system model can very accurately represent the experimental system which can help determine the system operation under different load and coupling factor operating conditions. Experimental results validated the system operation and showed that ~91% and ~88.5% dc-to-dc efficiency can be achieved at 7.5-and 8.5-inch airgaps.
